INTRODUCTION
because of the short harvest season and are also used for jams or thick syrups. In addition, plum juice is widely used as a cool drink and fl avouring in the food industry (Sabarez et al., 1997) .
The plum has a short shelf life and is prone to microbial spoilage. Therefore, drying and preservation is necessary for commercial additives as well as for household consumption. Drying is one of the oldest and most important thermal processing techniques aimed at inactivating enzymes, reducing water activity and restraining deteriorative microbial growth (Krokida et al., 2001 ). However, common drying techniques such as convective drying impart inappropriate eff ects on the quality of foods mainly because of the physicochemical changes in tissue during drying. Hence a kinetic model of the thermal process is necessary to design and optimize new approaches to obtain a food product with high quality (Dadalı et al., 2007a; Dadalı et al., 2007b) .
Colour parameters of L * (whiteness/darkness), a * (redness/greenness) and b * (yellowness/blueness) can be utilized to describe colour degradation and provide useful data for quality control in vegetables and fruits (Maskan et al., 2002) . Other parameters such as total colour change, chroma and hue angle have been derived from the L * , a * , and b * scale. Total colour change (∆E) indicates the mean colour change of the processed sample related to the initial conditions. Chroma indicates colour saturation and is proportional to its intensity. Hue angle is often used to specify colour in agricultural and food products. Angles of 0° or 360° represent a red hue, while angles of 90°, 180°, and 270° indicate yellow, green, and blue hues, respectively. Hue angle is useful in the evaluation of colour parameters, especially in meats, fruits and green vegetables. Browning index (BI) is the purity of brown colour and is an important parameter in drying processes with respect to enzymatic and non-enzymatic browning reactions (Maskan, 2001) .
The study of colour change behaviour in agricultural and food products during drying has been a subject of interest for various researchers, such as a mix of spinach and mustard leaves (Ahmed et al., 2002) , sesame seeds (Kahyaoglu and Kaya, 2006) and sucuk (Bozkurt and Bayram, 2006) . While there are many studies on kinetic changes in fruits and vegetables in the literature, no study has been reported on the kinetics of colour change while drying plums in infrared vacuum conditions and microwave drying. Furthermore, modelling of colour change kinetics has been limited to zero-order and fi rst-order kinetic models. Therefore, the purpose of this study was to propose a new model to estimate the colour change kinetics of plum slices under infrared vacuum conditions and microwave drying.
MATERIAL AND METHODS
Fresh plum samples of the Avalon plum variety were purchased from a market in Hamedan, Iran. The skin and fl esh colour of these Avalon plum varieties were red and deep red-purple and golden yellow, respectively. After thorough cleaning, washing and peeling the plums were cut into 1.5 mm thickness. Ambient air temperature and air relative humidity during drying changed from 25 to 32°C and 22 to 36%, respectively. The initial moisture content of the plum slices was determined using the gravimetric method at 70°C for 24 h (AOAC, 2002) . The initial moisture content of the plum samples was 5.52% (d.b.), while the fi nal moisture content after the drying process was about 0.09% (d.b.).
The infrared-vacuum dryer included a drying chamber as a hollow cylinder with inner dimensions of 12 × 32 cm. In order to perform thermal insulation, the cylinder is made of Tefl on. An infrared lamp (100 W) with quartz elements was used to heat the drying chamber. It was installed at the top of the drying chamber. The distance between the end of the lamp and the sample tray was about 8 cm. The air temperatures in the dryer chamber and near the tray sample were recorded using a thermometer with a type k sensor and an accuracy of ±0.1°C (Lutron TM-903, Taiwan). The vacuum conditions in the drying chamber were created by a vacuum pump (DV-285N-250-PLATINUM, USA). A pressure controller with an accuracy of 0.001 bar was used to determine and maintain absolute pressure during the tests (Sensys PSCH0001 BCIJ, Korea). The temperature of the drying chamber was controlled by a thermostat (Atbin 400k, Iran).
A microwave oven (Sharp, R959SLMA, Thailand) with a maximum power of 900 W was used as a microwave dryer. This device was applied to dry samples while the air temperature and microwave power were controlled. The air temperature during the tests was set at 40°C. Microwave power and operation time can be adjusted in the domestic oven.
The sample weight during the experiments was recorded using a digital balance (AND GF-6000, Japan) with ±0.01 g accuracy. Air relative humidity was measured by a hygrometer with an accuracy of ±3% RH (Lutron TM-903, Taiwan). A fl atbed colour scanner (HP, Scanjet G4050, USA) with a maximum 1200 DPI was used in this study.
During drying, the plum slices were removed from the dryers at time intervals for colour measurement. Most commercial instruments for colour measurement do not have adequate accuracy for food engineering studies, because they are designed and calibrated basically for quality control. This paper provides a simple approach that uses a fl atbed scanner for colour measuring and Photoshop graphic software for analyzing colour. By means of "measure", the colour values of the pixels on the food surface were obtained by the fl atbed scanner. The illuminant of the scanner was determined using the standard colorimetric card. All pixels of the sample surface were selected and those colour values manipulated to obtain colour distribution, averages, and so on were performed in accord 
The total colour change, chroma, hue angle and browning index were calculated from the L * a * b * values and used to describe the colour change during drying: 
where: ∆E -the total colour change, BI -the browning index, L 0 * , a 0 * , b 0 * -the initial colour measurements of the plum slices, L t , a t * , b t * -the colour measurements at pre-specifi ed times.
To investigate the eff ect of infrared vacuum conditions on colour change kinetics of plum slices, seven slices of plum fruit with a weight of about 40 g were dried in an infrared vacuum dryer with the absolute pressures of 20 and 60 kPa and drying temperatures (the temperature of the dryer chamber) of 50 and 60°C. Moreover, about 40 g of plum slices were dried in a microwave dryer with a power of 90, 270, 450 and 630 W. The L, a and b of the samples were recorded during drying at pre-specifi ed time intervals.
In order to determine the colour change of food and agricultural materials as a function of drying time, several models for the application of colour change kinetics have been reported (Avila and Silva, 1999; Chen and Ramaswamy, 2002; Maskan, 2001) . Generally, the change rate of a quality factor C can be represented by the following model: n dC kC dt (8) where: k -the kinetic rate constant, C -the concentration of a quality factor C at time t, n -the order of reaction. For the majority of foods, the time-dependence relationships appear to be described by zero-order models Maskan, 2001) or fi rst-order kinetic models (Chen and Ramaswamy, 2002; Krokida et al., 2001; Maskan et al., 2002) . By integrating Eq. (8), zero-order (Eq. 9) and fi rstorder kinetic models (Eq. 10) can be derived as:
where: C -the colour value at a pre-specifi ed time, C 0 -the initial value of the colour. Symptom ±indicates the formation and degradation of any quality parameter (Prachayawarakorn et al., 2004 ).
The following model is presented as a new model in this study in order to determine the colour change of food materials as a function of drying time:
( 1 1 ) where: C 0 -the initial value of colour, C -the colour value at a pre-specifi ed time. In the equations, ±in-dicates the formation and degradation of any quality parameter. Parameter a is the equation constant. The kinetic rate can be calculated as Eq. (12):
where: KR -the kinetic rate constant, C 0 -the initial value of colour and n, k and a are the constants of Eq. (11).
The order reaction of colour parameters in infrared vacuum conditions and during microwave drying of plum slices was determined by the adjustment of the experimental data to the integrated Eqs. (9), (10) and (11) using regression analysis. In each case, the best fi t was selected and the kinetic rate constant at each process was determined.
Regression analysis was performed using MAT-LAB R2012a software. Reduced chi-square (χ 2 ), root mean square error (RMSE) and the coeffi cient of determination (R 2 ) were used as the primary criteria to select the best fi t of the mathematical model being tested to the experimental data. The superiority of the models was evaluated with a higher value of R 2 and lower values of χ 2 and RMSE.
RESULTS AND DISCUSSION
The values of L * , a * , b * and total colour change (∆E) obtained from the experimental data during diff erent drying conditions are presented in Figures 1 to 4 , respectively. Figure 1a shows the maximum (65.75) and minimum (62.75) value of L * at the end of infrared vacuum processing achieved at 50°C -20 kPa and 60°C -60 kPa, respectively. The initial L * value of Figure 1b shows the maximum (63.14) and minimum (58.82) value of L * at the end of microwave processing achieved at 90 W and 630 W, respectively. It can be observed that changes in the brightness of dried samples can be taken as an indicator of browning during the drying of plum slices (Dadalı et al., 2007a; Dadalı et al., 2007b) .
For the redness⁄greenness scale (a * ), the initial colour value of plum samples was between 5.18 and 7.06 and the fi nal values after drying in infrared vacuum conditions increased to between 15.53 and 20.24, while by means of microwave power this increased to between 18.35 and 27.76 (Fig. 2) . Therefore all plum slices became redder with increased drying time.
For the yellowness⁄blueness scale (b * ), the initial colour value of plum samples was between 26.82 and 28.71 and the fi nal values increased after drying in infrared vacuum conditions to between 36.24 and 42.82, and by means of microwave drying increased to between 40 and 54.12 (Fig. 3) . Variations in the b * value at a higher air temperature, absolute pressure and microwave power were increased. Under higher levels of input variables, the chemical reaction rate was increased. These results are similar to previous studies, such as one on garlic slices (Prachayawarakorn et al., 2004) .
As a whole, the total colour change (∆E) of plum slices increased signifi cantly during the drying process with drying time. For infrared vacuum conditions, ∆E values ranged from 14.25 to 21.22 and at various microwave output powers ranged from 19.18 to 36.53 (Fig. 4) . Therefore it can be concluded that some modifi cations would have occurred in the optical properties of plum slices (changes due to oxidation processes or other chemical reactions) during the drying process with a decrease in moisture content and an increase in air temperature, absolute pressure and microwave power levels, which may not be acceptable to the consumer. When food preparations are heatprocessed, a number of chemical reactions occur. One of them is the well-known Millard reaction (Milton, 1985) , known to be responsible for non-enzymatic browning. The Maillard reaction involves the reaction of an aldehyde (usually a reducing sugar) and an amine (usually a protein or amino acid) and is highly temperature-dependent.
For mathematical modelling of colour changes in plum slices, zero-order, fi rst-order and new kinetic models were used. The estimated kinetic parameters of these models, corresponding values of coeffi cients of determination (R 2 ), reduced chi-square (χ 2 ) and root mean square error (RMSE) are presented in Table 1. The modelling results of the plum colour change showed that L * values for all drying conditions except for 50°C -60 kPa under infrared vacuum drying could be adequately characterised by the fi rst-order model, whereas the kinetics of a * , b * and ∆E could be described by the zero-order model under all drying conditions. The kinetics of L * , a * , b * and ∆E under infrared vacuum conditions and various microwave powers could be described by the new model with more values of R 2 and fewer values of χ 2 and RMSE compared to the zero-order and fi rst-order models. Values of kinetics change of the L * , a * , b * and ∆E as a function of drying time with an interval of 60 seconds were predicted for infrared vacuum conditions and 30 seconds for microwave drying by the new model in Figures 1-4 , respectively.
The kinetic rate constant based on zero-order and fi rst-order models under infrared vacuum conditions and microwave drying decreased for L * and increased for a * , b * and ∆E with increasing air temperature and microwave power levels and decreasing absolute pressure. This implies that the degradation rate of colour was faster as a result of higher energy transfer to the food material, causing an increase in the temperature of the product. The results were in agreement with those reported in the literature, such as, concentrated tomato paste (Barreiro et al., 1997) , pear puree , peach puree (Avila and Silva, 1999; , kiwifruits (Maskan, 2001) , okra (Dadalı et al., 2007a) and spinach (Dadalı et al., 2007b) . The kinetic rate constants on the same slope of the diagram showing colour change parameters and absolute diameter of the kinetic rate had an inverse relationship with drying time. Using zero-order and fi rst-order models it is possible to obtain the kinetic rate constant, while by the new model can show the kinetic rate at any time with Eq. (12). The estimated kinetic parameters of zero-order, fi rst-order and new kinetic model for L * , a * , b * , and ∆E under different drying conditions are presented in Tables 3-5,  respectively. The results of these experiments indicated that the kinetics of colour change of plum slices under infrared vacuum conditions were more non-linear and complex compared to microwave drying, since there are two parameters of air temperature and absolute pressure infl uencing the drying. In contrast, in microwave drying, only the factor of microwave power was the eff ective parameter (Fig. 1-7) .
Chroma, hue angle, and browning index were calculated using Eqs. (5-7) and the results illustrated in Figures 5-7 , respectively. The maximum increase in chroma value ranged from 27.51 to 47.36 with a drying time at 60°C -60 kPa under infrared vacuum conditions, also during microwave drying with the applied microwave output power. The maximum increase in the chroma value under microwave conditions increased from 27.49 to 60.82 at a microwave power of 60 W, and closely followed the b * values (Fig. 5) . The fi nal chroma values of the samples by infrared vacuum conditions were lower than the values of microwave output powers. These results indicated that inconstancy of the yellow colour in plum slices under the conditions applied is similar those in a tunnel dryer (Goyal et al., 2007) .
The maximum decrease in hue angle occurred during the infrared vacuum condition process, from 79.44 to 64.71 at 60°C -60 kPa. The maximum decrease in the hue angle during microwave drying ranged from 79.23 to 62.84 with a microwave power of 90 W. The results indicated that the colour of plum slices gained redness with an increase in drying time, air temperature, absolute pressure and microwave power level (Fig. 6) .
The browning index (BI) of the samples increased during the drying process. The maximum increase The maximum increase in BI under microwave power ranged from 53.68 to 208.28 at 90 W. The browning index -BI represents the purity of the brown colour and is reported as an important parameter in processes where enzymatic and non-enzymatic browning takes place (Palou et al., 1999) . The signifi cant increment in the BI values may be due to the well-known Maillard reaction (non-enzymatic browning) between naturally occurring reducing sugars and compounds containing an amino group, e.g. amino acids, peptides and proteins, which results in the formation of coloured melanoidins. Furthermore, the rate at which the Maillard reaction proceeds to form the coloured pigments increases markedly with drying conditions. These results suggest that infrared vacuum conditions for drying plum slices are better than microwave drying. The modelling studies showed that the values calculated for chroma and browning index could be adequately described using a zero-order model compared to a fi rst-order model. On the other hand, the data for hue angle followed the fi rst-order kinetic model for all drying conditions of plum slices. But the new model predicted the kinetics of chroma, hue angle and browning index with a higher value for the corresponding coeffi cients of determination (R 2 ) and lower values for reduced chi-square (χ 2 ) and root mean square error (RMSE) for all drying conditions (Table 2) . Predictions for the kinetics of the chroma, hue angle and browning index were made based on experimental data of infrared vacuum and microwave drying (Fig. 5-7) . The constant of kinetics rate based on the zero-order and fi rst-order models under infrared vacuum conditions and microwave drying for the chroma and browning index increased and hue angle decreased with increasing air temperature and microwave power levels and decreasing absolute pressure. The zero-order model was better suited to describing the kinetics of chroma and browning index, while the fi rst-order model was better to describe the kinetics of the hue angle.
The kinetic rate constants of L * , a * , b * and ∆E can be obtained by the new-model kinetics rate of chroma, hue angle and browning index at any moment using Eq. (12). The estimated kinetics parameters of the zero-order, fi rst-order and new model for chroma, hue angle and browning index for various drying conditions were presented in Tables 3 to 5, respectively. The zero-order and fi rst-order kinetics models and new model were used to estimate the colour change kinetics of plum slices at any time during infrared vacuum conditions and microwave drying. Colour change of plum slices under infrared vacuum conditions was less compared to the microwave drying. Colour changes during the drying process of plum slices are of interest as these changes have a direct impact on consumers' decision to buy this product and can indicate retention of the pigment nutrients (e.g. carotenoids, fl avonoids, phenols, chlorophyll and betalains) of dried plum slices.
CONCLUSIONS
The browning index of the dried plum slices showed that microwave drying caused browner compounds than infrared vacuum conditions. The zero-order and fi rst-order kinetic models were used to explain the colour change kinetics and it was observed that L * and the hue angle fi tted the fi rst-order kinetic model. On the other hand, a * , b * , total colour change (∆E), chroma and browning index followed the zero-order kinetic model. The results indicated that all kinetics changes of colour parameter can be explained with the new model presented in this study. The colour deterioration of dried plum slices at a higher air temperature, absolute pressure and microwave power level for maintaining product quality is necessary. The hybrid drying system included infrared vacuum conditions with microwave power for the initial slow drying of plum slices provide the desired results for colour change, which in turn are accepted by the consumer⁄producer.
